Methamphetamine abuse results in lasting, partial depletions of striatal dopamine and cognitive dysfunction. However, the effect of partial dopamine depletions on the expression of an effector immediate early gene, Arc (activity regulated, cytoskeletal-associated protein), known to be involved in synaptic modifications underlying learning and memory, has heretofore not been examined. Male Sprague-Dawley rats were pretreated with a neurotoxic regimen of methamphetamine or saline. Seven weeks later, rats were trained in a motor-response task on a T-maze for five days, and then underwent reversal training on day five. Rats were sacrificed 5 min after reaching criterion on the reversal task, and the brains were removed and processed using double-label fluorescent in situ hybridization for Arc and preproenkephalin (PPE) mRNA expression in the dorsomedial striatum. Rats pretreated with methamphetamine had an average (±SEM) 54.4±7.9% loss of dopamine in dorsomedial striatum. Interestingly, there was no difference in reversal trials to criterion in methamphetamine-vs. saline-pretreated rats. However, the expression of Arc mRNA in dorsomedial striatum was attenuated in methamphetamine-pretreated animals, particularly in PPE-negative neurons. Furthermore, the correlation between Arc mRNA expression in dorsomedial striatum and learning was abolished in methamphetamine-pretreated animals. These data suggest that methamphetamine-induced partial monoamine loss is associated with disrupted induction of the effector immediate early gene Arc during a behavioral task, particularly in PPEnegative (presumed striatonigral) neurons, as well as with disruption of the relation between Arc mRNA expression in dorsomedial striatum and reversal learning.
INTRODUCTION
Little is known about the effects of partial monoamine depletions on striatal efferent neuron function associated with basal ganglia-dependent learning. Methamphetamine (METH) exposure causes significant, yet partial, decreases in monoamine innervation of the striatum in rodents (Hotchkiss and Gibb, 1980; Ricaurte et al., 1980) , as well as in Effect of Methamphetamine Neurotoxicity on LearningInduced Arc mRNA Expression in Identified Striatal Efferent Neurons humans (Wilson et al., 1996; Volkow et al., 2001; Wang et al., 2004) . Previous work also has shown that such METH-induced monoamine depletions are associated with impaired cognitive function both in humans (Volkow et al., 2001) and rodents (Friedman et al., 1998; Chapman et al., 2001; Belcher et al., 2005; 2008; Daberkow et al., 2005) . However, the extent to which such depletions alter mechanisms underlying striatal neuroplasticity involved in learning and memory functions is unknown.
Spiny efferent neurons comprise ~95% of the neurons in the striatum (Kemp and Powell, 1971) . Approximately half of these neurons, the striatonigral or "direct" pathway neurons, contain substance P and its preprotachykinin (PPT) precursor mRNA (Powell et al., 1973) . The other half, the striatopallidal or "indirect" pathway neurons, contain metenkephalin and its preproenkephalin (PPE) precursor mRNA (Aronin et al., 1984; Gerfen and Young, 1988; Gerfen et al., 1990) . Therefore, the expression of PPE or PPT mRNA is used as a phenotypic marker of striatal efferent neurons.
The impact of partial dopamine loss on the function of striatonigral and striatopallidal efferent neurons is somewhat unclear. On the one hand, previous work from our lab and others suggests that striatonigral neuron function may be selectively affected by partial monoamine loss. First, the expression of PPT, but not PPE, mRNA is decreased by partial dopamine loss induced by 6-hydroxydopamine (6-OHDA) (Nisenbaum et al., 1996) or by a neurotoxic regimen of METH (Chapman et al., 2001; Johnson-Davis et al., 2002) . Furthermore, cytochrome oxidase histochemical staining in the brains of rats with partial monoamine depletions is increased in the entopeduncular nucleus and substantia nigra pars reticulate -the primary terminal fields of the striatonigral neurons -but not in the globus pallidus or subthalamic nucleus -the primary terminal fields of the striatopallidal neurons (Chapman et al., 2001) . On the other hand, studies from other groups suggest that partial dopamine loss is associated with selective effects on striatopallidal efferent neurons. That is, Ariano and colleagues have reported that partial dopamine loss induced by 6-OHDA is associated with activation of apoptotic cascades in striatopallidal neurons (Ariano et al., 2005) . Cadet and colleagues also have reported that METH regimens that are toxic to monoamine systems result, 24 h-three days later, in Fas ligand and TUNEL staining in enkephalincontaining, as well as other phenotypically undefined, striatal neurons (Jayanthi et al., 2005; Thiriet et al., 2005) . Thus, the extent to which partial monoamine depletions may differentially affect the function of striatal efferent neuron populations is currently unclear.
Arc/Arg3.1 is an effector immediate early gene, the protein product of which (Arc, activity regulated cytoskeleton associated protein) is thought to be critically involved in synaptic modifications subserving learning and memory (Steward et al., 1998; Guzowski et al., 2000; Steward and Worley, 2001 ). The expression of Arc mRNA is correlated with learning. For example, Arc mRNA expression in the hippocampus, but not the striatum, is correlated with behavioral performance on the spatial version of the Morris water maze (Guzowski et al., 2001) . Likewise, we have previously reported (Daberkow et al., 2007) that the expression of Arc mRNA in both PPE+ and PPEneurons of the dorsomedial (DM) striatum, but not Arc mRNA expression in the dorsolateral striatum or hippocampus, is significantly correlated with numbers of trials to criterion during reversal learning on a T-maze task -a task known to be dependent on the function of the DM striatum (Ragozzino et al., 2002) . This correlation was shown to be associated with the new learning occurring during the reversal trials, as opposed to motor activity in general, as yoked control rats that ran the same number of trials on the T-maze but who did not learn a new motor response did not have a significant correlation between trials run and Arc mRNA expression in DM striatum (Daberkow et al., 2007) . These previous reports therefore establish that Arc mRNA expression in a brain region known to be necessary for performance on a particular learning task is correlated with the behavioral indices of that learning.
Therefore, to further examine the impact of partial monoamine loss in striatum on the function of striatopallidal and striatonigral efferent neurons under behaviorally relevant conditions, we examined the expression of Arc mRNA induced in phenotypically identified efferent neurons of the DM striatum by reversal learning on a T-maze task in saline-and METH-pretreated rats.
METHODS

Animals
Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA; 300-350g) were housed in tub cages in a room controlled for temperature and lighting (12:12 h). Control rats (caged controls) were housed and fed over the same period of time as rats undergoing METH (or saline) pretreatment and motor-response training, but were not exposed to any behavioral training. All animal care and experimental procedures conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at the University of Utah.
Methamphetamine Pretreatment
Rats were exposed to a neurotoxic regimen of (±)-METH hydrochloride (NIDA, Rockville, MD) as previously described (Daberkow et al., 2005) . Rats were given four injections of METH (10 mg/kg, s.c.; n=7) or saline (n=7) at 2-h intervals. Two hours after the last injection, rats were returned to their home cages and given free access to food and water until trained and run in the behavioral experiment four to seven weeks later. Pearson r linear correlation analyses showed that there were no significant correlations between time since METH treatment and the number of reversal trials to criterion (described below; r 2 =0.046, p=0.65), the numbers of Arc+/PPE+ neurons (described below; r 2 =0.056, p=0.61), or the numbers of Arc+/PPEneurons (described below; r 2 =0.138, p=0.41).
Behavioral Training
One month after METH-or saline-pretreatment, rats were handled daily for two weeks and allowed to eat the food reward (Froot Loops cereal; Kellogg, Battle Creek, MI) for at least 10 min each day. Rats were then habituated to the T-maze with all arms open for 5 days, being allowed to explore the maze and consume ½ pieces of cereal in the food wells for 15 min each day. The T-maze consisted of a four-arm plus maze with one of the arms closed off on each trial by a removable door. Each arm was 55-cm long x 10-cm wide x 15-cm high. Removable start boxes with doors were at the end of each arm and contained a food well 2.5 cm in diameter and 1.5-cm deep.
The day prior to the first learning session, the turn bias of each rat was determined. Each rat then underwent acquisition training as previously described (Daberkow et al., 2007) , except that rats in the current study repeated the acquisition training daily for five days, as opposed to three days as reported previously. Briefly, for five days the rats were rewarded to turn opposite their turn bias, when started from all four arms chosen in a pseudorandom order, until they reached criterion (90% correct responses over 10 trials). The intertrial interval was approximately 10 s, during which time the rat was moved to a new start arm and the new goal arm was loaded with a half piece of Froot Loop cereal. On the fifth day, after the acquisition trials, the rats were then rewarded to turn in the opposite direction. These "reversal" trials were run until the rat reached criterion in the new direction.
Dopamine Depletions and Fluorescent in situ Hybridization Histochemistry (FISH)
All rats were sacrificed by exposure to CO 2 and decapitated 5 min after reaching criterion on the reversal trials. The brains were rapidly removed and flash frozen in -80°C 2-methyl-butane. At the beginning and end of behavioral training, caged control rats were removed from their home cages and immediately sacrificed to determine the basal level of Arc mRNA expression. Dopamine depletions were determined in tissue punches (1mm 3 ) taken from the DM striatum while sectioning the tissue for in situ hybridization histochemistry. Dopamine content in the tissue punches was analyzed with HPLC coupled to electrochemical detection as previously described (Daberkow et al., 2005) .
Brain tissue from all groups to be directly compared was processed together and hybridized in parallel. Fresh-frozen sections (12 µm) were taken through striatum and mounted, fixed and stored as previously described (Chapman et al., 2001; Daberkow et al., 2007) . Expression of Arc mRNA in identified subpopulations of striatal efferent neurons was accomplished by double-label FISH for Arc and PPE mRNAs, also as previously described (Daberkow et al., 2007) . Ribonucleotide probes complementary to the mRNAs for Arc (Lyford et al., 1995) and PPE (Yoshikawa et al., 1984) were synthesized from cDNAs using digoxigenin-UTP (DIG-UTP; Arc) and fluorescein-UTP (FITC-UTP; PPE) with T7 (Arc) and SP6 (PPE) RNA polymerases and DIG and FITC RNA labeling kits (Roche Applied Science, Indianapolis, IN). Double labeling of striatal sections with dilutions of probes at 1:1000 (~350 ng/ml) and antibodies at 1:1000 was done as previously described (Guzowski et al., 1999; Daberkow et al., 2007) . Probes then were visualized using tyramide signal amplification (Perkin/Elmer Life Sciences, Boston, MA) with cyanine-3 (cy-3; Arc) and cyanine-5 (cy-5; PPE) fluorophores as per the manufacturer's instructions. Slides were washed in TNT buffer, counterstained with SYTOX Green (1:35,000; Molecular Probes), and mounted in anti-fade (Molecular Probes).
Imaging and Statistical Analyses
Images were collected using an Olympus FVX confocal microscopy system with an IX70 microscope, 488, 543, and 633 nm Argon laser lines, and 60x/1.4 NA oil-immersion lens (plan APO). Photo-multiplier tube (PMT) assignments and pinhole size contrast values were kept constant across different confocal sessions. Areas of analysis were z-sectioned in 1-micron thick optical sections. A total of 10 z-sections were compressed for each field. A sample area of 0.7mm x 0.7mm from the DM striatum of each rat (at +1.0mm anterior to bregma) was imaged and digitized for subsequent analysis, as previously described (Daberkow et al., 2007) .
Cells with cytoplasmic Arc mRNA expression were counted in each field by an experimenter blinded to the treatment groups. The number of cells positively stained for Arc mRNA and positive or negative for PPE mRNA were counted in each field, yielding numbers of Arc+/PPE+ and Arc+/ PPE-neurons per field. In previous work we established that the field size analyzed contains approximately 1,000 cells and that approximately 7% of those cells are Arc mRNA positive in normal rats exposed to such a T-maze task (Daberkow et al., 2007) . Previous work in our lab also has established that it is the cytoplasmic expression of Arc mRNA in striatal efferent neurons that correlates with behavioral performance during reversal learning on the T-maze (Daberkow et al., 2007) . Therefore, for the present study, cells were considered to be positively labeled for Arc mRNA (Arc+) if they contained perinuclear/cytoplasmic labeling of Arc mRNA that did not overlap with the SYTOXstained nucleus (Guzowski et al., 1999) . During this cellular analysis, Arc+ cells containing the blue/cy-5 PPE mRNA signal in and around the nucleus were classified as PPE-positive (PPE+). Arc+ cells that did not also contain blue/cy-5 staining were classified as PPE-negative (PPE-).
The numbers of Arc+ neurons were compared across treatment groups and neuronal phenotype with a two-way analysis of variance (ANOVA; treatment x neuron phenotype) followed by post hoc t-tests. In addition, the numbers of Arc+/PPE+ and Arc+/PPE-cells in each field were correlated (Pearson r linear correlations) with the number of trials for each rat to reach criterion on the reversallearning task. Such correlational analyses with sample sizes similar to those in the present work have been used to show relations between Arc mRNA expression and learning in previous work from our laboratory (n=8; Daberkow et al., 2007) , as well as that of Guzowski and colleagues (n=8; Guzowski et al., 2001) . Statistical significance was set at p<0.05.
RESULTS
Dopamine depletions
The dopamine content (in ng/mg protein) in the DM striatum of saline-and METH-pretreated rats is shown in Figure 1 . On average, METH administration decreased dopamine tissue content by 54.4 7.9% (mean ± SEM, n=7) in the DM striatum (range 36.1-83.9%).
Behavioral Performance
There were no significant differences between the saline-pretreated and METH-pretreated rats in the number of trials required to reach criterion on either the first day of acquisition trials (FIG. 2; t=0.30, p=0.77) or on the reversal trials (FIG. 2; 
t=0.19, p=0.85).
METH-induced neurotoxicity is associated with impaired striatal Arc mRNA expression. Analysis of the numbers of PPE-and PPE+ neurons expressing Arc mRNA in the cytoplasm in the DM striata of saline-vs. METH-pretreated rats revealed a significant main effect of pretreatment (F (2,15) =4.85, p<0.05) and a significant pretreat-ment x neuronal phenotype interaction (FIG. 3C,  F (2,15) =5.09, p<0.05). Post-hoc analysis revealed that there were significant increases in the numbers of Arc+/PPE-(t=-2.7, p<0.05) and Arc+/PPE+ (t=-3.2, p<0.05) neurons in the DM striatum of saline-pretreated rats engaged in reversal learning relative to caged controls (FIG. 3A, 3C ). In the DM striatum of METH-pretreated rats, however, there were no significant increases in the numbers of Arc+/PPE-(t=-1.9, p>0.05) and Arc+/PPE+ (t=-1.9, p>0.05) neurons expressing Arc mRNA relative to caged controls (FIG. 3B, 3C ). In addition, there was a strong trend towards a greater number of Arc+/PPE-neurons in saline-vs. METHpretreated rats (FIG. 3C, t=2.0 (FIG. 3C) .
Arc mRNA expression in DM striatum is correlated with reversal learning in saline-, but not METH-, pretreated rats. In saline-pretreated rats, there was a significant inverse correlation between the number of Arc+/ PPE- (FIG. 4A, r 2 =0 .80, p<0.01) and Arc+/PPE+ (FIG. 4C, r 2 =0 .81, p<0.01) neurons in DM striatum and the number of trials to reach criterion on the FIGURE 1 Dopamine (DA) tissue content (ng/mg protein; mean ± SEM) in the dorsomedial (DM) striata of rats pretreated with saline (4 x 1 ml at 2-h intervals, n=7) or a neurotoxic regimen of methamphetamine (METH; 4 x 10 mg/kg, sc at 2-h intervals, n=7) seven weeks prior to sacrifice.
FIGURE 2
Number of trials required on a motor response learning task on a T-maze to reach criterion (90% correct responses over 10 trials) on the first day of acquisition training and on the reversal training on the final day of testing. Saline-pretreated rats (SALINE) received 4 injections of saline (1 ml) and methamphetamine (METH)-pretreated rats received 4 injections of METH (10 mg/kg, s.c.) at 2-h intervals six weeks prior to the start of the motor response training. Data are mean ± SEM, n=7 per group.
FIGURE 3
Confocal images showing Arc mRNA (cy-3/red), preproenkephalin mRNA (PPE, cy-5/blue) and nuclear (SYTOX/green) staining in the dorsomedial striatum of a saline-(4 x 1 ml/kg, s.c. at 2-h intervals; A) and a methamphetamine-(METH; 4 x 10 mg/kg, s.c. at 2-h intervals; B) pretreated rat. The average number (± SEM, n= 4 for caged controls and n=7 for both salineand METH-pretreated groups) of PPE-and PPE+ neurons expressing Arc mRNA in the cytoplasm in a 0.7 mm x 0.7 mm field of the dorsomedial striatum (C). *Significantly different from respective phenotype in caged controls, p <0.05. Scale bar, 10 µm.
reversal-learning task, consistent with our previous observations (Daberkow et al., 2007) . However, in DM striatum of METH-pretreated animals, the correlations between trials to criterion on the reversal trials and the numbers of Arc+/PPE- (FIG. 4B , r 2 =0.09, p>0.05) or Arc+/PPE+ (FIG. 4D, r 2 =0 .09, p>0.05) neurons were not significant.
DISCUSSION
The present results show that prior exposure of rats to a neurotoxic regimen of METH that produces a partial loss of the dopamine innervation of the striatum is associated with impaired Arc mRNA expression in the DM striatum and disruption of the relation between the degree of Arc mRNA expression in this brain region and reversal learning on a T-maze task. Furthermore, the data suggest that although the expression of Arc mRNA is disrupted in both PPE+ and PPE-neurons in striatum, the expression in PPE-neurons may be more severely impaired. These data extend previous observations that METH-induced monoamine depletions are associated with impaired function of striatal efferent neurons by showing that such impairment extends to behaviorally induced expression of the effector immediate early gene Arc.
The present data show that animals with METHinduced neurotoxicity fail to express Arc mRNA in PPE+ and PPE-striatal efferent neurons to the same degree as intact animals in response to this behavioral task. Interestingly, this impairment in Arc mRNA expression was most notable in the PPE-neurons, suggesting a greater impact of the METH-induced neurotoxicity on the function of PPE-neurons. These PPE-neurons are presumed to be striatonigral (direct pathway) neurons by virtue of the fact that striatal efferent neurons comprise approximately 95% of the neurons in the striatum and roughly half of these neurons are striatopallidal (PPE+) and half are striatonigral (PPE-; Gerfen and Young, 1988 ). Thus, the majority, although not all, of the PPE-neurons will be striatonigral efferent neurons. Furthermore, recent work has shown that all striatal neurons expressing Arc mRNA in the context of spatial navigation also express GAD67 (Vazdarjanova et al., 2006) , which is expressed predominately in striatal efferent neurons (Mercugliano et al., 1992) . Thus, the present data suggest that the neurotoxicity induced by METH has a greater impact on the regulation of this learning-related molecule in striatonigral efferent neurons.
The extent to which dopamine, as opposed to serotonin, loss contributes to the observed deficits in Arc activation in the METH-pretreated animals is not known. Exposure to neurotoxic regimens of METH, such as that used in the present study, results in partial loss of both the dopamine and serotonin innervation of the striatum (Hotchkiss and Gibb, 1980; Ricaurte et al., 1980) . In the present study, due to technical constraints, we only measured striatal concentrations of dopamine, not serotonin, to be certain that the neurotoxic regimen of METH had, in fact, induced toxicity to striatal monoamine systems. However, it is likely that serotonin also was significantly depleted in these animals (Johnson-Davis et al., 2002; Daberkow et al., 2005) . Work by Nisenbaum and colleagues (Nisenbaum et al., 1996) and Ariano and colleagues (Ariano et al., 2005) show that selective dopamine loss induced by 6-OHDA produces effects on indices of striatal efferent neuron function similar to those observed subsequent to neurotoxic regimens of METH, suggesting that partial dopamine loss produced by METH may be sufficient to induce such altered function. However, the serotonin innervation of the striatum also regulates striatonigral neuron function (Campbell et al., 2001) . Further work clearly is required to elaborate the potential for partial dopamine loss alone to alter striatal neuron function, as well as to determine the impact of partial serotonin loss per se on striatal efferent neuron function. A potentially important aspect of Arc expression is that the correlation between Arc mRNA expression and behavior, rather than the total amount of Arc mRNA expression, may be a better indicator of the role of Arc and a particular brain region in a behavioral task (Guzowski et al., 2001) . In the present study, there were significant correlations between the numbers of PPE-and PPE+ neurons with cytoplasmic Arc mRNA expression in the DM striatum of saline-pretreated rats and the number of trials to reach criterion on a reversal learning task on a T-maze. These data are consistent with our previously published observations (Daberkow et al., 2007) even though, on average, saline-pretreated rats in the present study tended to take more trials to reach the reversal criterion (121.0 ± 17.4) than did the rats in our previous work (87.1 ± 14.7; Daberkow et al., 2007) , presumably due to the greater number of acquisition training days used in the present work. However, no such significant correlation was observed in the METH-pretreated rats, which performed as well as the saline-pretreated rats on the behavioral task (127.6 ± 27.1 trials to criterion) and who showed an even broader distribution of trials to criterion on the reversal task relative to the salinepretreated rats. There are several possible interpretations of this loss of correlation between behavioral performance and striatal Arc mRNA expression in the METH-pretreated rats. First, it may be the case that Arc mRNA expression in the DM striatum, although correlated with behavioral performance under normal conditions, plays no functional role in the actual learning on this task. Thus, impaired activation of the gene in the context of METH-induced neurotoxicity has no consequence for behavioral performance. Second, because Arc mRNA expression was attenuated in the METH-pretreated rats, the smaller range of values of Arc mRNA expression may have simply made it more difficult to discern a relation between Arc expression and performance that, in fact, still exists. Finally, to the extent that the correlation between the degree of Arc mRNA expression in a particular brain region and the measure of learning reflects the involvement of that brain region in that particular learning process (Guzowski et al., 2001; Daberkow et al., 2007) , the loss of correlation in the METH-pretreated animals may suggest that they are using a different brain area to solve this task, relative to normal controls. Similar results have been reported for patients early in the course of Parkinson's disease in that their performance on a probabilistic classification task is similar to that of normal controls, but functional MRI scans reveal that the Parkinsonian patients show activation of the medial temporal lobe during this task whereas normal controls show activation of the caudate (Moody et al., 2004) . Additional behavioral and molecular analyses will be necessary to delineate the significance of the correlation between Arc mRNA expression in DM striatum and behavioral performance, as well as the significance of the loss of the correlation in METH-pretreated rats.
In conclusion, the present study has shown that METH-induced monoamine depletions are associated with impaired expression, particularly in PPEneurons, of Arc mRNA activated by a behavioral task known to be dependent on the function of the DM striatum. These findings therefore provide further evidence that the function of striatal efferent neurons is impaired in the context of partial monoamine loss induced by METH and that the impairment may be greater in striatonigral efferent neurons. Furthermore, the data show a loss of correlation between Arc mRNA expression in striatum and motor response learning in METH-pretreated animals despite apparently normal learning, raising the possibilities that Arc expression is not required for this learning or that METH-pretreated rats may be relying on a different behavioral strategy and brain regions to solve this task.
